Electrically conducting polymers (ECPs) are one of the most popular types of materials to interface ion-selective membranes (ISMs) with electron conducting substrates to construct solid contact ion-selective electrodes (SCISEs). For optimal ion-to-electron transduction and potential stability, the p-doped ECPs with low oxidation potentials such as PPy need to be generally in their conducting form along with providing a sufficiently hydrophobic interface to counteract the aqueous layer formation. The first criterion requires that the ECPs are in their oxidized state, but the high charge density of this state is detrimental for the prevention of the aqueous layer formation. We offer here a solution to this paradox by implementing a highly hydrophobic perfluorinated anion (perfluorooctane sulfonate, PFOS -) as doping ion by 
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Introduction section
Ion-selective electrodes (ISEs) are established analytical tools in volumetric, clinical and environmental analysis and process control. [1] [2] [3] [4] However, the cost-effectiveness, ease of use, and monitoring capabilities of ISEs, as well as their excellent accuracy demonstrated in the clinical analysis of blood electrolytes would make them suitable for an even wider range of applications. The use of ISEs in potentiometric bioassays, 5-9 portable paper based platforms [10] [11] [12] as well as wearable sensors 13, 14 are relevant examples of emerging applications. However, the single-use disposable ISEs generally required by these applications would benefit from a rugged and cost-effective miniaturized electrode design that is compatible with mass production technologies. [15] [16] [17] In this respect, the replacement of the liquid inner filling solution of conventional ISEs with a solid contact (SC) layer that interfaces the electron conducting 3 substrate and the ion selective membrane (ISM) emerges as a major enabling technology. [18] [19] [20] [21] The role of the SC is to provide a stable inner phase boundary potential 20, 22, 23 at the substrate/SC and SC/ISM interfaces, and to prevent the aqueous layer formation at the inner interface, which coupled to diffusion of ionic species within the ISM may lead to potential instability. 24 As all ISMs exhibit water uptake [25] [26] [27] [28] [29] [30] [31] , the prevention of the aqueous layer formation 32, 33 with ill-defined ion activity has proven to be a major challenge.
The mainstream of the SCISE research is based on electrically conducting polymers (ECPs) [34] [35] [36] , large surface area carbon materials 32, [37] [38] [39] [40] and their (nano)composites [41] [42] [43] , but also many other important types of SC materials have been reported such as redox polymers 44 , electronion exchange resins 45 , redox-active self-assembled monolayers 32 , tetrakis(4-chlorophenyl)borate anion doped nanocluster films 46 , nanoporous Au films 47 , and threedimensional molybdenum sulfide nanoflowers. 48 SCISEs with adequate potential stability were reported for both the ECP and carbon materials, but the use of large surface area inert carbon materials apparently results in better potential stabilities and less susceptibility to environmental conditions. 37, 39 In turn, ECPs have an essential advantage in terms of controlled local deposition by electropolymerization aiding the miniaturization and mass fabrication of SCISEs. [49] [50] [51] However, they show a larger degree of complexity both due to the diversity of the ECPs and doping ions as well as due to the mechanism of the stabilization of the inner phase boundary potential. Generally, a mixed ionic and electronic conduction is required for this purpose that is best achieved in the conducting state of the ECP, i.e. in its oxidized form. While this form is usually the most stable it also induces a larger charge density on the polymeric backbone that is compensated during synthesis by incorporation of charge compensating counter ions. The increased charge density, however, commonly 4 increases the hydrophilicity of the film making it difficult to prevent the aqueous layer formation even for highly hydrophobic ECPs, raising also adhesion problems. Indeed, recently it was shown that the standard potential of ECP-based SCISEs can be adjusted by polarizing or short cutting the respective SCISEs against a reference electrode. 54 However, the potentials of the SCISE are usually drifting after these treatments and the reproducibility of the standard potential lags much behind the state of the art SCISEs having 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 redox buffer 55 and graphene/carbon black-fluorinated acrylic copolymers 42 as SC with standard deviations (SD) in the best case as low as 0.7 mV and 0.1 mV, respectively.
We report here that the pre-polarization of the SC is a much more efficient way to ensure the reproducibility of the standard potential and for the PPy-PFOS based K + -selective SCISEs. In the best case, it results in the smallest SD of 0.7 mV reported up to now for ECP-based SCISEs. suspension, then on a clean polishing cloth and finally rinsed with deionized water and ACN.
Experimental section
In the three-electrode cell, the GC electrodes (incorporated in PEEK bodies), the coiled Pt procedure prevented the pinhole formation in the ISM. 51 The K + -SCISEs were allowed to dry overnight in ambient atmosphere prior to use. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 respectively, by assuming that the n ZnSe =2.430-2.435 and n PPy =1.5. 62 However, the penetration depths can be influence to some extent by the 30 nm thick sputtered Pt layer that covers the ZnSe surface. The mathematical modelling of the water diffusion coefficients from the water uptake spectra is described in the Supporting Information.
In situ FTIR-ATR spectra of the PPy-PFOS film prepared on the Pt sputtered ZnSe were also 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 1053, 1167, 1344, 1460 and 1572 cm -1 . The wavenumbers are taken from the spectra measured at 0.16 V. The bands at 852 and 897 cm -1 are assigned to C-H out-of-plane bending and the band at 1053 and 1344 cm -1 to C-H in-plane bending. 64 The shift of the band at 1053 cm -1 to higher energies upon oxidation may be explained by the higher energy required to bend the longer bonds in the quinoid form of PPy-PFOS. The band at 1167 cm -1 is assigned to pyrrole ring breathing vibrations which are symmetrical expansion and contraction movements without involving changes in bonding angles. 64 The bands at 1344, 1460 and 1572 cm -1 are associated with C-N and C-C symmetric ring stretching vibrations, although the band at 1572 cm -1 predominantly arises from C=C stretching vibrations. 64, 65 On the other hand, the shifts of these bands towards lower energies may be explained by the lower energy required to stretch the longer bonds formed upon oxidation in the quinoid form of PPy. The charging-discharging reaction of ECP films is highly dependent on the nature of the doping ion resulting in some shifts of the IRAV bands of PPy-PFOS compared to PPy doped with other counter ions (LiClO 4 , NaClO 4 and dodecylsulphate). 66 The broad absorbance above 1700 cm -1 that increases with the applied potential is characteristic for ECPs and assigned to the formation of charge carriers in the polymer matrix and the conversion of PPy-PFOS into the conducting state. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Water uptake of the PPy-PFOS solid contact. The water uptake of plasticized PVC-ISMs has been recently characterized by the FTIR-ATR spectroscopy 29, 30, 68 and the oven based coulometric Karl Fischer titration technique. 68 It was shown that water diffuses readily through the PVC-ISMs and that the water content of the membrane is influenced by the chemical composition of the electrolyte solution contacting the ISM. It was found that the water content was highest when the ISM was in contact with deionized water while the water content of the ISM decreased in 0.1 M CaCl 2 solution. 68 In deionized water, the diffusion of water in the plasticized PVC-ISM was best described by a model consisting of two diffusion coefficients related to fast (ca. ) water transport in the PVC membranes. 30 Therefore, before applying the ISM on top of the PPy-PFOS solid contact, we have studied the water barrier properties of the bare PPy-PFOS film pre-polarized at 0.18 V with the FTIR-ATR spectroscopy in the extreme situation when the SC is fully exposed to water without the protecting PVC-ISM top layer. This was done to predict how the 14 SC will behave if it comes in contact with water. However, it should be remembered that as a buried layer beneath the ISM, the PPy-PFOS solid-contact is exposed to only very minor amounts of water (ca. 50-500 ppm), corresponding to the water concentration in plasticized PVC membrane. 68 The FTIR-ATR spectra measured during the water uptake of the PPy-PFOS solid contact is shown in Figure 4 . After exposure of the PPy-PFOS film to water at t=0 min, the gradually increasing OH stretching bands of water at ca. 3000-3700 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 modelled water diffusion coefficients should be considered only as approximate as the modelling was carried out with the mean film thickness of 472 nm. Simultaneously with the increasing water bands in the FTIR-ATR spectra in Figure 4 , the spectral drift to negative absorbance values show that the PPy-PFOS film is slightly reduced during the water uptake measurements. The spectra in Figure 4 were measured with a signal amplification of 64 (included in the figure) and the real spectral changes are therefore smaller than what is shown in Figure 4 . The decrease of the oxidation state of PPy is especially clearly seen at wavenumbers > 1700 cm -1 , which is characteristic for the broad electronic absorbance band of the ECPs. 67 Also, several downward pointing negative IR bands related to PPy, PFOS -and ACN overlap with the increasing water bands in the IRAV region at wavenumbers < 1500 cm -1 . The band assignments are given in Table S-1 in the Supporting Information. It should be noted that the bands of the conducting form of PPy, the PFOS -anion and traces of ACN are all included in the background spectrum of the PPy-PFOS film and therefore they decrease in intensity as the film is reduced (i.e. its oxidation state is lowered). 
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In Figure 4 , the negative vibrational band at 1128 cm -1 ascribed to asymmetric SO 3 stretching vibration in PFOS -, 70 which increases in intensity with time, indicates that some of the PFOS -leaves the film during the water uptake measurements. The concentration gradient of PFOS -between the PPy film and deionized water is expected to be the main driving force for some of the PFOS -anions to diffuse from the PPy matrix to the solution phase.
When the PPy-PFOS is applied as the SC beneath the PVC-ISM, the oxidation state changes are expected to occur only to a very minor extent compared to the changes in Figure 4 and the PPy film should therefore retain its hydrophobicity under the ISM. However, it can be speculated that slow changes in the oxidation state can possibly occur over longer time 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 intervals of one second during 300 s at each Ca 2+ concentration and the potential values shown in Figure 5 were taken in the very end of this 5 min period. The selectivity coefficients
log K ) of the K + -SCISEs for most relevant interfering ions in biological samples was found to be between -4.5 to -5.6 (except of J=NH 4 + ) as shown in Table S -2. 72 The optimized K + -SCISEs showed in the best case a very good E 0 reproducibility of only 501.0±0.7 mV (n=4) with a SD that is equal to that obtained for the redox buffer based SCISEs (±0.7 mV) 55 and which surpasses the SDs of the state of the art ECP based SCISEs (usually ca. ±20 mV).
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The improved E 0 reproducibility of the K + -SCISEs is ascribed to the combination of the prepolarization and hydrophobicity of the PPy-PFOS solid contact counteracting the detrimental aqueous layer/pool formation beneath the ISM. This reproducibility was confirmed in a subsequent batch (n=3). However, we started to see larger deviation in E 0 within a batch and batch-to-batch when we increased the number of electrodes in an interlaboratory study. Two factors were identified to lead to these larger deviations: (i) there were GC substrate electrodes that even after multiple re-making of the SCISEs showed consistently E 0 values far from the mean value suggesting that the quality of the substrate electrodes may influence the E 0 ; 73 (ii) a larger deviation from E 0 was also obtained for the K + -SCISEs prepared at the two co-operating laboratories (authoring this paper) by using the same protocols, but different instrumentation and batches of chemicals for the SC and ISM preparation. For the best E 0 reproducibility we removed these electrodes and the ±0.7 mV represents conditions where the above mentioned factors do not influence the SD of the E 0 . This suggests that the current practice of E 0 reproducibility determination generally based on a small batch of electrodes may need to be extended to larger batches and that the quality of the substrate electrodes may Potentiometric aqueous layer test. Due to the water uptake of the plasticized PVC-ISMs, it is possible that a water layer forms beneath the ISM in the SCISE structure. We investigated this possibility with the potentiometric aqueous layer test (Figure 6 ). 32 The lack of potential drifts upon changing between solutions with high concentration of primary (K + ) and interfering (Na + ) ions, as shown in Figure 6 , revealed no indications of an aqueous layer formation. This indicates that the PPy-PFOS solid contact acts as an efficient water barrier, which is very unusual since it is difficult to avoid aqueous layer formation for SCISEs prepared with PVC-ISMs which have a relatively high water uptake. 30 This has been achieved only in a few cases, e.g. by using hydrophobic polyazulene 74 and PPy doped with hexacyanoferrate (II)/(III) 51 as the SCs in K + -SCISEs. The absence of the aqueous layer formation has been also reported for poly(3-octylthiophene) (POT) based Ca 2+ -SCISEs by using chemically prepared and almost electrically non-conducting POT as the SC. 
CONCLUSIONS
We have used for the first time PPy doped with the hydrophobic PFOS -anions as the ion-to- 
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